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1 These authors contributed equally to the work.Plant Golgi bodies possess unique morphological and functional characteristics that are key to sev-
eral biological and biotechnological processes, such as transport of the cell’s building blocks to
energy-rich compartments, including chloroplasts, storage vacuoles and a cellulosic cell wall. Dur-
ing the last decade it has become apparent that the plant Golgi apparatus has features that are
remarkably different from other systems. Here we summarize the most recent ﬁndings on this orga-
nelle and we highlight pressing questions that are likely to drive the next 10 years of research on the
plant Golgi apparatus.
 2009 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Morphologically, the plant Golgi apparatus is unique in the
sense that it is made of hundreds of individual stacks of ﬂattened
cisternae that are motile and that remain intact during cell divi-
sion. Exclusive functional features of the plant Golgi include syn-
thesis and trafﬁcking of complex carbohydrates for the plant cell
wall, and transport of proteins to plant organelles such as the pro-
tein storage vacuole and chloroplasts [1–5]. In this review, we aim
at presenting the answers that the last decade of research on the
plant Golgi has provided and the new questions that have been
opened. Although evidence is emerging for new roles of the Gol-
gi/trans-Golgi network system as a cross-road for the biosynthetic
and endocytic pathways [6–8], in this review we will focus on the
most signiﬁcant and exciting ﬁndings on the highly structured and
dynamic plant endoplasmic reticulum (ER)–Golgi apparatus inter-
face, Golgi behaviour during cell division and the involvement of
golgins in the maintenance of Golgi stack integrity.
2. Protein mobility at the ER/Golgi interface
Most of the newly synthesized secretory proteins are ﬁrst tar-
geted to the ER and then transported to the Golgi apparatus. With
a few remarkable known exceptions [9] and similar to other sys-
tems, export of proteins from the ER to the Golgi is facilitated by
COPII proteins. Overexpression of either Sec12, the ER membranechemical Societies. Published by Eanchored GEF for the COPII-GTPase Sar1, or dominant negative
mutants of Sar1 were shown to induce re-distribution of Golgi
membranes into the ER [10–13]. Functional studies of the other
COPII proteins such as Sec13/31, Sec23/24 and Sec16 have yet to
be provided in plants. The presence of a large number of COPII iso-
forms in Arabidopsis (two Sec12, ﬁve Sar1, seven Sec23, three
Sec24, two Sec13, two Sec31 and two Sec16 [14]) is suggestive of
a functional diversiﬁcation of COPII isoforms in plants.
Anterograde protein trafﬁc at the ER/Golgi interface is counter-
balanced by a retrograde transport mediated by COPI which is
composed of the regulatory GTPase ARF1, guanine exchange fac-
tor(s) and the heptameric coatomer that binds activated ARF1
[14,15]. Recent studies have attributed an additional role to ARF1
beside recruitment of coatomer which includes membrane recruit-
ment of the putative Arabidopsis golgin GDAP1 [16]. Interestingly,
ARF1 was localized to the Golgi and to additional membranous
structures that detach from the Golgi apparatus. ARF1 was found
to recruit coatomer and GDAP1 at the Golgi, but it recruited GDAP1
at the additional structures [16]. How ARF1 distinguishes the
membranes where to bind either coatomer and GDAP1 or GDAP1
alone is unknown but the biological function of these ARF1 effec-
tors has been suggested as a key factor in the process [16,17].
Export of soluble proteins occurs mostly by bulk-ﬂow [11]. ER
retrieval of soluble cargo is believed to occur via ERD2-like recep-
tors that recognize a C-terminus tetrapeptide signal (K/HDEL) as in
other systems [18]. Such signal is known to be active in plants [19]
since overexpressed HDEL-cargo is partially secreted [20], indicat-
ing that the process is saturable and hence receptor-mediated.
Accordingly, complementation analyses have shown that an Ara-
bidopsis ERD2-homologue complemented yeast mutants defectivelsevier B.V. All rights reserved.
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to this receptor was shown to be localized at the ER and the Golgi,
where an ERD2-receptor is expected to function [21]. These ﬁnd-
ings support that the retrieval mechanisms for ER resident proteins
in plants are most likely conserved with other systems, although
they do not exclude the possibility that other families of receptors
with similar functions to the well-established ERD2 receptors may
also operate in plants. This intriguing suggestion takes also into ac-
count that ligand binding to the Arabidopsis ERD2 homologue has
not yet been established.
Concerning membrane proteins, at least three amino acidic ER
export signals on the cytosolic tails of membrane proteins have
been identiﬁed, two of which have been shown to work in vivo
(a) di-acidic motifs (DXE) [22], (b) tandem dibasic motifs [23],
and one of them which includes a dihydrophobic signal, and (c)
dihydrophobic signals, which have been shown to bind COPII com-
ponents in vitro [24]. The length of the transmembrane domain ap-
pears to play a role in protein transport [22,25] although cytosolic
exposed signals maintain a dominant role over the length of the
transmembrane domain [22]. Retrieval of membrane proteins from
the Golgi apparatus to the ER relies on exposed cytosolic di-basic
signals and aromatic signals [17,26].
A controversial question pertains as to how soluble and mem-
brane proteins are trafﬁcked from the ER to the Golgi. Models that
are not mutually exclusive have been proposed. Vesicles bearing
cargo may form at the ER subdomains dedicated to export, the
so-called ER export sites (ERESs) [10,14] but it is also possible that
physical connections that link the ER and the Golgi may exist [27–
30].
Interestingly, COPII budding proﬁles have been difﬁcult to visu-
alize on the ER surface. With an electron tomography-based 3D
reconstitution of sections of an ERES from Arabidopsis thaliana root
meristem cell, four putative budding COPII vesicles were located
adjacent to the cis-side of the Golgi stack and were associated with
three different tubular ER domains [31]. This prompted the sugges-
tion that the dispersed distribution of the COPII vesicles makes
them hard to visualize. The paucity of budding proﬁles identiﬁed
on the ER membranes also suggests that either the COPII buds form
infrequently or that they are extremely unstable (i.e. COPII vesicles
bud off very quickly from the ER membrane). In support of the lat-
ter, a Sar1-YFP fusion was shown to cycle on and off ERESs with a
high turnover [10], although a high turnover should not limit the
possibility to visualize steady state processes of formation/bud-
ding/fusion of COPII vesicles. Alternatively, COPII vesicles might
not be the exclusive carriers facilitating ER-Golgi protein transport.
For example, the appearance of COPII budding proﬁles in EM anal-
yses does not exclude the possibility that budding structures may
deform into tubules, at least in some tissues [32]. Yet to be ex-
cluded is also the intriguing possibility that an entire subdomain
of the ER functions as pre-cisternae of the Golgi to mature into a
cis-cisternae. In this model, COPII proteins would aid the formation
of a subdomain of the ER where membrane cargo is concentrated.
Such a model would be feasible in systems like the ER and Golgi
apparatus of highly vacuolated cells where the ER and the Golgi
are attached [30]. Immuno-EM with speciﬁc antibodies for COPII
coat proteins should aid in testing this possibility.3. ER–Golgi: a tight association
The relationship between the ER and the Golgi is very close and
complementary in spatial, structural and functional aspects. A
wealth of live cell imaging analyses produced in the last 10 years
has clearly indicated that the ER and the Golgi are spatially associ-
ated [21,33–35]. Further conﬁrmation of this has been provided
with an innovative approach that relied on the application of infra-red laser optical traps to individual Golgi bodies within living leaf
cells [30]. With this technique, it was shown that Golgi stacks are
physically attached to ER tubules and lateral movements of indi-
vidual Golgi stacks results in the rapid elongation of an attached
ER tubule. An exception to this ER/Golgi arrangement has been
provided by electron microscopy images of root columella cells
in which 87% of Golgi stacks were seen separated from the ER. This
evidence suggests that differences in the ER and Golgi organization
may exist depending on cell types [31]. However, whether the sep-
aration of these free Golgi bodies from the ER is a permanent fea-
ture and whether the free Golgi are functionally active, remains an
open question. Addressing this question will enable researchers to
further deﬁne rules and exceptions for the association of the ER
and the Golgi in plants.
A continuous functional association between the ER and the
Golgi for the process of ER export is reﬂected by the evidence that
ER-associated Golgi accept cargo continuously from the ER, as
shown in photobleaching experiments with ﬂuorescent protein-
Golgi cargo fusions [27]. In support of this organization, ER export
sites in association with the Golgi have been visualized in several
experimental systems [36]. An open question concerns the distri-
bution and the players of import sites on the ER (ERIS) as they re-
main largely uncharacterized in plants [37].
Understanding how and where ER/Golgi anterograde and retro-
grade ﬂow of proteins and membranes occurs in plant cells is
important not only because of the peculiar organization of the
two organelles in plants but also because the integrity of the Golgi
and ER membranes relies on intact protein exchange between the
two organelles. When anterograde protein transport is disrupted
by over-expression of dominant negative mutants of Sar1, Golgi
membranes collapse into the ER. Similarly, when retrograde trans-
port from the Golgi apparatus to the ER is inhibited by inactivation
of ARF1, Golgi membrane proteins are absorbed into the ER [10,38]
accompanied by a loss in ERES integrity [10,39]. This phenomenon
is reversible since the ER is able to generate ERESs and Golgi stacks
after a washout of an ARF1 inhibitor [brefeldin A (BFA)] from trea-
ted cells [40]. Thus an equilibrium of COPI and COPII transport be-
tween the ER and Golgi is necessary for the maintenance of ERESs
but also for the integrity of Golgi membranes. In addition, in-
creased availability of ER export competent membrane cargo was
shown to induce the differentiation of ERESs, further supporting
that the ER/Golgi interface forms a functional unit that can be
adapted to the cell’s necessity to secrete [41].4. Plant Golgi movement and positioning in cells
Plant Golgi stacks are closely associated with actin [21] (Fig. 1).
Plant Golgi stacks alternate wiggling motion to slow to fast in uni-
and bidirectional movements, which depend on actin integrity
[21,35]. Likewise, photo-activation experiments of ER membrane
proteins shows that the Golgi bodies move with the ER membrane
[34] whose architecture integrity relies on actin [34,42]. Pharma-
cological studies have implicated myosin in plant Golgi movement
[35]. Indeed, three Arabidopsis myosin variants (XIK, XIE, MYA2)
have been implicated in the movement of the Golgi [43,44]. Never-
theless, XIK and XIE do not appear to colocalize perfectly with the
Golgi and do not seem to disturb the organization of the actin cyto-
skeleton when over-expressed [45]. So, how myosins are impli-
cated in Golgi movement is unclear. Two cytoskeletal interacting
proteins have been identiﬁed on the Golgi: (1) an actin-binding
protein KATAMARI 1/MURUS3 [42] and (2) a microtubule-based
motor protein Kinesin13A [46]. KAM1/MUR3 has been implicated
in the maintenance of the proper organization of endomembranes.
Studies of Lu and co-workers [46] showed that the Golgi stacks are
frequently associated with both microtubules and with actin
Fig. 1. Plant Golgi stack organization and their association with actin and ER. (A) Electron microscopy image of a Golgi from an Arabidopsis leaf epidermal cell showing the
organization of the cisternal organization of a Golgi stack with the cis side facing the ER. Scale bar: 100 nm. (B and C) Confocal microscopy images of an Arabidopsis leaf
epidermal cell co-expressing a Golgi marker ST-GFP (pseudo-coloured green) [21], and either an actin marker [YFP-ABD2, Chen and Brandizzi, unpublished (B)] or the ER
marker, ER-yk (pseudo-coloured red) [69], (C) show a close association of Golgi stacks with actin (B) and the ER network (C). Scale bars: 5 lm.
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ratus might also require microtubules and kinesin-13A. In support
of this, evidence for a direct correlation between Golgi body distri-
bution and movement and microtubules in dividing cells at sites of
secretion has been recently provided [47].
Interestingly, tissue and cell type speciﬁcities may be factors
that inﬂuence Golgi motility. It appears that Golgi movement in
Arabidopsis root meristem cells is slower compared to elongating
cells [48]. The motility of the Golgi is also lower in Arabidopsis
roots compared to leaves [49]. Factors such as cell volume restric-
tion (cell volume/cytoplasm ratios), metabolic demand or differ-
ences in the Golgi relationship with the ER have been suggested
to inﬂuence Golgi movement [48].
Plant Golgi motility raises an important question: How is pro-
tein trafﬁc maintained in spite of the movement? In highly vacuo-
lated cells, live cell imaging analyses have shown a close and
continuous association of Golgi stacks with motile ERESs that
would facilitate ER protein export to the Golgi. In this system,
photobleaching analyses showed that Golgi collects cargo from
the ER while it is moving [10]. The evidence that Golgi bodies are
physically attached to the ER tubules in tobacco leaf epidermal
cells [30] further supports how ER to Golgi protein transport may
occur at Golgi-associated ERESs, at least in highly vacuolated cells.
In columella cells, a ‘‘dock, pluck, and go” model has been proposed
based on electron microscopy analyses [50] whereby in the go-
phase Golgi stacks would travel along actin ﬁlaments propelled
by myosin motors; the dock- and pluck-phase would follow during
which the COPII scaffold of a budding vesicle attaches to the cis-
side of the Golgi matrix and pulls the passing Golgi off the actin
track, facilitating release of the COPII vesicles by plucking. Upon
acquisition of the COPII vesicle, the Golgi would be free to travel
along the actin tracks. This is an interesting model the validity of
which would be worth investigating in live cells to connect the
dynamics of protein movement to electron microscopy since EM
can only provide static information on this process.
An outstanding question concerns the advantage that Golgi
movement confers to the cell/plant. Golgi movement does not ap-
pear to be a necessity for protein export from the endoplasmic
reticulum [27]. The presence of a large vacuole that may occupy
up to 95% of the total volume of most cell types suggests that Golgi
movement may facilitate a global communication of the Golgi with
proximal and distal secretory compartments such as vacuoles,
chloroplasts, the plasma membrane and the apoplast.
5. Plant Golgi and cell division
The question of Golgi inheritance in cell division has fascinated
cell biologists regardless of their organism of choice. Althoughmost of the available information concerning Golgi partitioning be-
tween daughter cells is derived from research conducted on animal
cells and yeast, the body of data relative to plant Golgi behaviour
and morphology during the stages of cell division has steadily
grown over the past years. In stark contrast to mammalian cells
but similarly to yeast, plant Golgi stacks remain structurally and
functionally intact throughout the cell cycle. This may be linked
to the necessity for plant cells to maintain active secretion for
the formation of the cell plate which deﬁnes the plane of plant cell
division. Golgi-derived vesicles are efﬁciently targeted and fused to
the growing cell plate along the phragmoplast [51], a complex
transient structure consisting of microtubules, microﬁlaments
and ER elements, that is perpendicular to the plane of the future
cell. Although plant Golgi distribution appears to be random in
interphase, it has been shown that throughout the cell cycle, Golgi
bodies in tobacco BY-2 cell cultures are mainly stationed in close
proximity to the phragmoplast, indicating that Golgi positioning
within plant cells can be re-routed to locations that require Gol-
gi-trafﬁcked products [52]. This phenomenon probably requires a
sorting mechanism by which the Golgi is actively brought towards
a speciﬁc location. Surprisingly, disruption of actin with both cyto-
chalasin D and latrunculin B did not cause the redistribution of
Golgi stacks in mitotic cells [52], once more indicating how actin
ﬁlaments may not play a signiﬁcant role in Golgi segregation in
dividing cells.
The mechanism of Golgi inheritance in plants is yet to be fully
understood, although a doubling of Golgi stacks during metaphase
and the G2 phase, supposedly to ensure an equal distribution of
Golgi bodies between the two daughter cells, has been observed
[53,54]. Yet the question remains as to how an increase in Golgi
stack number is achieved. Both cisternal ﬁssion and ER-dependent
de novo biogenesis may play a role in this process. Langhans and
co-workers addressed this question by investigating Golgi stack in-
crease in synchronized BY-2 cells after treatment with BFA fol-
lowed by BFA-washout [55]. Following resorption of the Golgi
apparatus in the ER, Golgi biogenesis was shown to begin as clus-
ters of COPI-positive vesicles. Mini-Golgi stacks ﬁrst become recog-
nizable 60 min after BFA washout and continue to increase in
cisternal number and length for a further 90 min until their size ex-
ceeds that of control Golgi stacks. These ﬁndings suggest that mito-
sis-related Golgi stack duplication may likely occur via cisternal
growth followed by ﬁssion in the BY-2 system [55].
6. Plant Golgi structural maintenance: keeping it together
The plant Golgi apparatus is a highly motile organelle, subject to
cytoplasmic streaming and movement as well as remodelling of
membrane content and surface determinants [8,16]. The inevitable
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assure maintenance of Golgi structure and integrity. Golgins are
a family of coiled-coil proteins that have been implicated in Golgi
integrity for the formation of a protein-based skeleton or matrix
[56]. Many golgins have been shown to interact with Rab-family
small GTPases, also indicating a role for golgins in vesicle tethering
and membrane-targeting processes [57].
The presence of a Golgi matrix surrounding plant Golgi stacks
has also been proposed [58]. The unique physical proximity of
the plant Golgi to the ER and Golgi dependence mainly on actin ﬁl-
aments for motility suggests a role for the plant Golgi matrix in
mediating this organelle’s association to both the ER and the actin
cytoskeleton. Nevertheless it is important to note that a clear role
for cytoskeleton components in the maintenance of Golgi appara-
tus organization has yet to be established.
Plant genomes encode several homologues of mammalian gol-
gins [59,60]. One of these, AtGRIP (at5g66030) shows 50% identity
to the mammalian golgin-97 and a full-length AtGRIP-GFP fusion
was shown to localize to the Golgi apparatus in transformed tobac-
co protoplasts [61]. Moreover, in accordance with experimental
data from mammalian cell systems [62], the AtGRIP GRIP domain
interacts with an Arabidopsis ARL1 homologue [39,60]. A ﬂuores-
cent protein fusion to the Arabidopsis coiled-coil integral mem-
brane protein homologous to the mammalian golgin CASP,
named AtCASP [22], was localized to the Golgi in both Arabidopsis
and in mammalian cells. This evidence indicates that golgins’ roles
are probably widely conserved across the eukaryotic lineage. Inter-
estingly, however, a striking difference that relates speciﬁcally to
golgins in plants is the apparent absence of the GRASP stacking
protein family. GRASP65 was the ﬁrst protein belonging to this gol-
gin subgroup to be identiﬁed and was shown to play an important
role in promoting Golgi reassembly following mitosis in mamma-
lian cells, hence its designation as a Golgi Reassembly Stacking Pro-
tein [63]. Both GRASP65 and GRASP55 were shown to interact with
other mammalian golgins involved in vesicle trafﬁcking such as
GM130 and members of the p24 cargo family in mammalian cells,
thereby contributing to a uniﬁed picture which includes cisternal
stacking, vesicle trafﬁcking and membrane tethering [64]. The sur-
prising absence of the GRASP protein family in plants suggests
there may be plant-speciﬁc golgins that cannot be identiﬁed solely
on the basis of homology searches. Furthermore and most impor-
tantly, plant Golgi, unlike mammalian Golgi, do not disassemble
during mitosis. This suggests that plants may have evolved a mech-
anism that ensures Golgi integrity throughout the cell cycle or may
have altogether lost the ability to dissolve the Golgi membranes
similar to the mammalian Golgi stacks. In fact, it is important to
underline that GRASP55 is a target for phosphorylation by MAPK
kinases, leading to the disassembly of the Golgi ribbon during
mitosis in mammalian cells [65]. Furthermore, HeLa cells depleted
of GRASP55 show a fragmented Golgi which is reminiscent of the
plant Golgi stacks [65]. This raises the intriguing possibility that
the different organization of the Golgi in plants and mammals,
namely the distribution of individual functional units or stacks,
may be linked to the absence of GRASP proteins in plants.
Golgins are not the only proteins involved in membrane tether-
ing processes in eukaryotic cells. They are joined by several tether-
ing multi-subunit protein complexes identiﬁed in mammals and
yeast that have been named conserved oligomeric Golgi (COG)
complexes and were shown to facilitate ER–Golgi and intra-Golgi
transport [66]. In mammalian cells, the COG complex consists of
eight subunits where each of the subunits possesses short regions
that are predicted to be involved in coiled-coil formation. Arabid-
opsis has been shown to have homologues for each of the COG sub-
units although their characterization is still in its early stages [59].
Nevertheless, a recent report has begun to shed light on members
of this protein family in plants. An Arabidopsis mutant line namedeye for embryo yellow colour, displaying abnormal colouration and
morphology of embryos has been recently described [67]. The
mutation was later mapped to the Arabidopsis COG7 subunit
mammalian homologue and was shown to cause the mislocaliza-
tion of a Golgi protein and to alter the size of the Golgi apparatus,
suggesting a role for this protein in inﬂuencing Golgi structure and
functionality.
The developing characterization of plant golgins and COG pro-
teins marks the rise of an exciting ﬁeld in plant Golgi research that
would certainly beneﬁt from the identiﬁcation of novel genes or
gene functions involved in maintaining Golgi stack integrity. We
have begun to address this need by confocal microscopy screening
of a large population of mutagenized Arabidopsis lines that stably
express a Golgi ﬂuorescent marker [68]. Among the many mutants
we have isolated, some show the localization of the Golgi marker in
Golgi-proximal rings of roughly the same size as plant Golgi
bodies. These structures are clearly aberrant and their further char-
acterization, primarily by mapping the genomic mutations respon-
sible for them, may lead to the identiﬁcation of novel key players in
plant Golgi structure maintenance and integrity.7. Conclusion
Little did Camillo Golgi know, at the end of the 1800s, that his
observation of a reticular apparatus in Purkinije cells faintly
stained with silver osmium would lead to the ﬂourishing ﬁeld of
cell biology focussed on the Golgi apparatus and its organellar
partners in the secretory pathway of almost all eukaryotic organ-
isms. Plants show a unique take on Golgi organization and location
within the cell, in comparison to animal cellular systems. The dis-
tinct features of plant Golgi reﬂect the speciﬁc functions this orga-
nelle performs in plant cells such as building of the cell plate
during mitosis, synthesizing cell wall components or de novo ER-
dependent biogenesis in response to secretory stimulus. However,
there is much to explore such as stack integrity maintenance,
intraGolgi transport and Golgi duplication. These fascinating topics
are still a source of intense debate in the animal, yeast and plant-
focussed ﬁelds of research alike.
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